Objectives/Hypothesis: The purpose of this work was to apply nonlinear laser scanning microscopy (NLSM) for visualizing the morphology of extracellular matrix proteins within human vocal folds. This technique may potentially assist clinicians in making rapid diagnoses of vocal fold tissue disease or damage. Microstructural characterization based on NLSM provides valuable information for better understanding molecular mechanisms and tissue structure.
INTRODUCTION
Voice disorders that are caused by organic lesions, like nodules and polyps, require surgical treatment. Many benign lesions involve the superficial layer of the lamina propria and they should be removed as atraumatically as possible without damaging the lamina propria. An accurate diagnosis is therefore essential to plan the proper surgical procedure. Histopathological assessments of the vocal fold tissue have been established to characterize the type of lesion. The molecular composition of abnormal tissue is different from that of healthy tissue. 1 The extracellular matrix of the vocal fold lamina propria is composed of fibrous proteins, including collagen and elastin, entangled inside interstitial proteins such as proteoglycans and polysaccharides. [2] [3] [4] The pathological examinations could be significantly improved by performing real-time optical sectioning of the distribution of extracellular matrix proteins.
Scarred vocal fold lamina propria, resulting from surgery or voice abuse, are commonly treated by the injection of soft viscoelastic hydrogels and tissue-engineering biomaterials. 5 The efficiency of the method depends on the injection site. 6 Recent developments in ultrafast laser microsurgery allow clinicians to easily control the injecting region. 7 Femtosecond laser-based nonlinear laser scanning microscopy (NLSM) has the capability of performing in vivo diagnostic imaging in synchrony with laser surgery. 8 NLSM is a powerful technique for the imaging of tissue morphology with a high spatial and temporal resolution. 9 This technique has previously been used, for example, to image corneal collagen in living rabbits before and after cutting lamellar flaps, demonstrating the clinical feasibility of microsurgery at the cellular level. 10 This idea was then exploited by Hoy et al. 11 to create a subepithelial void in the porcine lamina propria in a confined location.
The collagen and elastin networks are the main sources of intrinsic contrast in second harmonic generation (SHG) and two-photon fluorescence (TPF) in tissues. 9, 12 The central physical principle of SHG is that two incident photons are annihilated to produce one emitted photon with twice the energy (frequency). 9 The nonlinear intensity dependence of SHG entails that emission is restricted to the tight focus of a femtosecond laser beam allowing optical section imaging within three-dimensional samples. Fibril-forming collagens, including types I and III, are highly ordered noncentrosymmetrical molecular structures that interact with ultrafast laser light pulses to cause nonlinear light scattering. They are extremely bright emitters of SHG, with a hyper-polarizability that is only 10-fold lower than crystalline quartz. 13, 14 Due to a non-negligible backscattered signal, SHG is applicable for thick tissue and intravital preparations (i.e., reflective mode). 15 It could be used to identify the location of scar tissue throughout the lamina propria. For example, it was used for pericardial tissue. 16 The use of an appropriate in vivo probe 17 makes the technique suitable for a rapid diagnostic scan to provide pathological information. The elastin fibers, due to pyridinoline-based cross-links in their composition, 12 emit intrinsic two-photon excited autofluorescence. The nonlinear TPF process also allows optical sectioning of their spatial distribution and orientation relative to the collagen fibrils.
NLSM requires no labeling or preprocessing for collagen and elastin imaging, thus avoiding the distortion of the cellular and extracellular matrix through labeling artifacts. The potential for NLSM optical sectioning of human vocal folds was assessed here by determining the optimal parameters for the incident laser beam. The geometry of the fibrous proteins, in the sagittal plane, was obtained by optical sectioning imaging in the tissue slice to characterize the vocal fold microstructure. Adjacent equal-thickness layers of cadaveric human vocal folds were extracted from the epithelium to the deep layer of the lamina propria. SHG and TPF were then applied to simultaneously optically section image the collagen and elastin fibers, respectively. Area fractions of collagen and elastin were also calculated. The morphology and spatial distribution of the collagen and elastin fibers recorded in the images may aid in the differentiation between healthy and diseased tissues. Therefore, the current work can be established as a baseline for future NLSM studies through in vitro and in vivo pathological examinations. Furthermore, the results are useful in understanding the biomechanics of vocal folds because the elastic fiber network supports the majority of the mechanical loads to which the tissue is exposed. 18, 19 
MATERIALS AND METHODS

Sample Preparation
Excised human vocal folds were obtained from the cadaver unit of the Montreal Children's Hospital in accordance with ethics approval. They were fixed in 4% formaldehyde within 24 hours postmortem and stored in a freezer at À20 C. Larynges were harvested from two male cadavers and one female cadaver, with no history of pathology or smoking. A rectangular area of approximately 3 Â 5 mm was dissected with sharp blades from the central region of the vocal fold in the horizontal plane. The thickness of the specimen was at least 4 mm to ensure the inclusion of the lamina propria. A schematic of the location from which the tissues were removed is discussed in the next section. The surface of all samples was marked along the longitudinal direction with a blue tissue dye for reference.
With no wash or dehydration, the tissue was embedded in optimal cutting temperature compound (OCT) (Sakura Finetek, Dublin, OH) medium. It was then sectioned using a cryostat machine (Leica CM-3505-S; Leica Microsystems GmbH, Wetzlar, Germany) working at À24 C. It was sequentially sectioned into 100-lm-thick layers from the epithelium. The tissue was cut into 200-lm-thick samples after the 10th layer. The layers were then placed between two 22 Â 22 mm cover slips (Fisher Scientific, Ottawa, ON, Canada), and the OCT gel minimized the movement of the samples. The anterior-posterior direction of the vocal fold was dyed as the baseline of the orientation analysis. A circular area of nearly 1-mm diameter was marked on each set of cover slips to demark the scanning region. The slides were then placed on the NLSM stage for the imaging as explained in the following section.
Nonlinear Laser Scanning Microscopy
A custom-built multimodal nonlinear laser scanning microscope was used to record the images (Fig. 1 ). The laser source for this microscope is a Mira optical parametric oscillator (OPO) (Coherent, Santa Clara, CA) that is linearly polarized in the horizontal direction. The OPO is pumped at a 780-nm wavelength by a Mira 900 Ti:Sapphire (Coherent) at an average power of 1.9 W, which itself is pumped by a V18 Verdi laser (Coherent) at 13 W average power. The wavelength of the OPO is tunable from 1,000 to 1,300 nm with an average power of 300 mW, which gives pulses of <150 femtoseconds (fs) at a laser pulse repetition rate of 76 MHz. The SHG and TPF emissions were imaged following excitation at a wavelength of 1,050 nm from the OPO, with a pulse width of $100 fs. To scan the sample, we used VM2000 moving magnet scanners (GSI Lumonics, Moorpark, CA). The excitation and collection objectives (Carl Zeiss, Toronto, ON, Canada) are a 63 Â 0.9 (NA) water immersion lens with a 2-mm working distance and a 20 Â 0.8 NA water immersion lens with a 0.61-mm working distance, respectively. The sample holder can be manually moved along the x-y plane and is controlled by a piezoelectric actuator (Thorlabs, Newton, NJ) for z positioning. For photon detection, two H7422P-40 photomultiplier tubes (Hamamatsu Photonics, Bridgewater, NJ) were used for simultaneous detection of SHG and TPF signals in two channels, with splitting via a dichroic mirror, Chroma 540dcxr (Chroma Technology Corp., Rockingham, VT), that transmits the TPF signal and reflects the SHG signal. Two cutoff filters were used to select the signal detection range for SHG (HQ525/50m-2p; Chroma) and TPF (HQ600/50m-2p; Chroma). The analog-to-digital conversion of the signal from the photomultiplier tube was done using a 16-bit data acquisition board (National Instrument, Austin, TX), which can acquire 1.25 MSamples/s. All instrument control and image acquisition were done with custom-written LabVIEW programs. Further details about this transmission-mode nonlinear microscope were described previously. 20 The excitation laser polarization experiments were carried out by inserting a half-wave Fresnel Rhomb Retarder (FR600HM; Thorlabs) in the laser path.
A constant incident laser power level ($60 mW before the excitation objective) was found to be most efficient by trial and error. Over the scanning time, the tissue did not show any effect of photobleaching in either channel. The same level of incident laser power was maintained for each sample by using neutral density filters with different transmission percentages. The laser beam was scanned over a 204 Â 204-lm field of view using both (horizontal) axes of the scanning mirrors. Digital images of 512 Â 512 pixels were saved in a tagged image file format. Three points were selected on the first five layers and one point was selected on the rest of the layers. A stack of images covering 204 Â 204 lm were imaged from the surface down to a depth of 20 lm at 1-lm intervals. For each case, the optical sectioning imaging process was completed in <10 minutes. Imaging areas were chosen far enough from the edges to display the natural configuration of matrix proteins. If the polarization of the incident laser beam is systematically rotated, the intensity of the detected SHG signal will vary depending on the orientation of the collagen fibrils. 13 Polarizing the SHG objectives in a vertical plane and varying the excitation polarization direction with respect to this reference plane was done to explore the spatial distribution of the collagen fibrils.
Image Processing
A script was written in MATLAB to calculate the geometric properties of collagen fibrils. Figure 2 illustrates the characteristic waveform of the collagen fibrils. Ten random edge segments were selected manually in each image. The period of each component was determined through a regression fit to a periodic sinusoidal function (Fig. 2) . The orientation of the fibril was determined by enclosing the fitting in an ellipse (produced by Prony series) and measuring the angle from the major axis, which was defined by the longitudinal axis of the vocal folds. The amplitude was determined by measuring the mean of the amplitudes of several cycles. The data were saved in units of pixels and then converted to physical units via the known image pixel resolution. Open source software ImageJ (Wayne Rasband, NIH, Bethesda, MD) was used to extract additional quantitative information from the images. It was initially used to merge the results from the two channels (i.e., SHG and TPF). Collagen fibrils and elastin fibers are colored green and red, respectively. Using grayscale values in the images, the density of the imaged proteins can be estimated via the NLSM measurement. The software was used to estimate the average intensity and calculate the protein-filled area in each image using mean thresholding. It was calculated for the 20-lm stacks imaged in each slide. Also, for the data reported from the polarization imaging experiments, 20 random small square regions of interest were selected for each image, and then the intensities were averaged for all images.
To establish a baseline for diagnosis imaging and biomechanics, identifying the three-dimensional configuration of the interacting proteins is crucial. After sequential optical sectioning imaging through the sample over a 20-lm thickness, in 20 steps, the volume viewer command in ImageJ was used for spatial reconstruction. Finally, it should be noted that conventional histological procedures were applied to verify the existence of collagen and elastin fibers. Elastica Verhoeff-Van Gieson and Masson's trichrome staining were applied for very thin sections (10 lm) of the samples to confirm the presence of elastin and collagen fibers, respectively.
RESULTS
Three cadaveric human adult vocal folds were used for this study. One of the subjects was a 65-year-old female, sample I, and the others were 55-and 68-yearold males, samples II and III, respectively. Following the type III, whereas collagen type I is in the form of large bundles. 21 However, the collagen-bundle membranes cannot generate SHG signal in the NLSM. A unique advantage of dual-mode NLSM imaging is that it reveals the physical connections between elastin fibers and collagen fibrils. In Figure 3A and B, for example, the regions where the elastin fibers are colocalized with collagen fibrils are highlighted by arrows.
Three-dimensional reconstructed images are depicted in Figure 4 for the vocal fold cover in sample I. They were only selected to show the integrity of the collagen and elastin network through this depth of tissue. The colocalization regions of elastin and collagen can be seen in the merged reconstruction. The position where the tissue samples were extracted from the cadavers and the layer-wise process for tissue preparations are also shown in the same figure. The vocal fold samples were apparently obtained from the middle third of the anterior-posterior length.
The protein area fraction is directly related to the volume fraction, an important structural index. Plots of the average area fraction, and its standard deviation, as a function of depth in tissue for three randomly chosen areas are depicted in Figure 5 . The selected sequential layers cover the superficial and the intermediate lamina propria (i.e., the vocal fold cover). Because of the dualmode collection of the NLSM employed, the relative volume fractions between elastin fibers and collagen fibrils can be directly compared.
Thin (type I) and thick (type III) collagen fibrils, which constitute an integrated reticular network, were fitted by a sinusoidal function. The mean regression constants are summarized in Figure 6 , indicating the overall orientation, periodicity, and amplitude of the collagen sinusoid waveforms. These parameters are sufficient to identify the required extension for uncurling the collagen fibrils. It should be noted that the tissue samples were not under tension.
Finally, the polarization mapping approach was applied in the superficial lamina propria (the first 100lm layer) because this area is of particular importance in biomechanics. The normalized intensity is plotted as a function of different polarization angles in Figure 7 . The angle 0 corresponds to light polarization perpendicular to the direction of laser propagation and the angle 90 is parallel to the beam propagation axis. A theoretical curve that shows the case of ideally aligned fibers is added to the plot as a reference.
DISCUSSION
The use of NLSM for imaging collagen and elastin in various biological samples with a range of excitation wavelengths has been previously characterized. 22 A knowledge of the spatial distribution of extracellular matrix protein networks may help clinicians guide the location selection for in vivo optical sectioning of the tissue. Compared to conventional in vitro and in vivo methods of tissue characterization, NLSM has two key advantages. First, it requires no labeling or preprocessing of the tissue, thus avoiding the distortion of the cellular and extracellular matrix through labeling artifacts. This is opposed to the fixation and processing procedures rendering the histochemistry and frozen-sectioning methods. Second, NLSM provides threedimensional images of the tissue with subcellular resolution. Taking this into account, the selective imaging of extracellular matrix proteins distinguishes NLSM from noninvasive methods like computed coherent tomography and magnetic resonance imaging. The NLSM is beneficial for noninvasive diagnostic scanning of vocal folds and studying of real-time light-tissue interactions. The potential of NLSM in evaluating laser-tissue interaction was presented and the relevant optical parameters for the vocal fold tissue are summarized in this study. The data presented here constitute a first step toward the development of an optimized microendoscope for real-time imaging of vocal fold tissue in vivo. Low emission signals from endogenous elastin fluorophores require a high level of excitation power for imaging; therefore, we maintained power levels in the upper limits of the determined safe zone to image the dim elastin. It should be noted that the samples were fixed in 4% formaldehyde, and the effects of fixative on SHG and TPF emission has not been systematically studied. The laser-light requirements for fresh tissue may be different from that of the fixed tissues; however, the results presented here provide a baseline for future experiments on fresh vocal fold samples.
The spatial distribution of collagen and elastin fibers may help in better classifying the vocal fold. Although the superficial lamina propria is a loose tissue, it includes more collagen type I than type III. Collagen type I, which is widely distributed in the human body, is a key factor in the flexibility and elasticity of other soft tissues. 23 The lower layers of the lamina propria are richer in reticular collagen type III, and generally it is dominant in the vocal fold. 21 Unfortunately, the current method cannot be used to distinguish between different collagen types. The structural patterns shown in this work are consistent with those obtained for collagen and elastin using immunofluorescence staining techniques. 21 A comparison between the morphology and distribution of collagen type III 21 and our SHG results suggest that this type dominates in the vocal fold tissue because collagen type I is typically observed as larger bundles. In some regions, as shown in Figures 3 and 4 , the elastin fibers and collagen fibrils are entangled in such a way that they do not constitute separate networks. This colocalization may be due to ongoing self-assembly of the tropoelastins and tropocollagens following interactions under physiological conditions. As shown in Figure 3 , the elastin is aligned with the collagen in the first two layers but then is largely separated from the collagen in the next two layers. One may conclude that elastin has a smaller contribution to the biomechanics of the vocal ligament. Integrated elastin contributes to tissue elasticity, and this is in accordance with the higher elasticity observed in the vocal fold cover with respect to the vocal fold body. 19 The TPF signal from elastin fibers diminishes in all samples for depths in excess of $1.5 mm.
Considering histology data reported in other studies, a decrease in elastin was expected. 3 Because elastin is assumed to provide resistance against minor tensions, one may conclude that the elastin has chemical bonds with the surrounding proteins, such as proteoglycans. The connection to a matrix mesh may allow elastin to oppose external tensile loading. Collagen networks, on the other hand, may be physically bonded because of their reticular structure throughout the lamina propria.
Because of the nature of NLSM sampling, 12 the absolute volume fractions cannot be directly calculated. The planar network density, which is an indicator of the volume fraction, is shown in Figure 5 . The tissue slices were slightly dehydrated during the imaging period, despite the absence of preprocessing. Considering this fact and taking into account a small gripping pressure on the samples, the computed area fractions overestimate the associated physical density. In contrary to elastin fibers that are completely detected by the TPF, all collagen molecules cannot generate the SHG signal, and some others produce a weak signal because of their spatial configuration. 9 The higher area fractions in the first three layers imaged by SHG prove that there are a larger number of SHG harmonophores present in these layers. It is known that the superficial layer contains thinner collagen fibrils densely distributed in the tissue. 4 At deeper imaging depths in the lamina propria, a weaker SHG signal was recorded. In comparing the two detection channels, the TPF results have greater variability. A possible justification is that the three samples were imaged in numerical order over the course of 3 weeks. Because formaldehyde is not able to fix elastin fibers, 18 some degradation probably occurred over time, leading to weaker signals detected in the third sample. The protein densities can be considered a pathological index for the vocal fold tissue. 16 For example, collagen (type I) increases in density in the scarred tissue during the healing process. Our measured collagen area fraction has a similar distribution in all samples, reaching a maximum at a depth of 0.2 to 0.3 mm. This should correspond to the intermediate lamina propria. 4 The mean overall area fraction for the SHG was approximately 15%. A gender comparison could not be made because of insufficient data; however, due to higher stiffness in the female cover layer, a higher elastin density is expected.
A sinusoidal function was used to characterize the collagen fibril morphology (Fig. 2) . The variations of three regression constants are shown in Figure 6 . The overall orientation angle of the collagen network, y o , is aligned to the posterior-anterior direction (y o <20 ) down to a 0.9-to 1.0-mm depth. This trend may be regulated by the superficial and intermediate lamina propria, which bears the main portion of the axial stress. Beyond that region, y o is different for the three samples. The periodicity, H o , and the sinusoidal amplitude, R o , are the parameters that control the threshold of linear load-deformation response. These parameters indicate the elongation needed between both ends of the network to uncurl the collagen fibrils. Straightening of the fibrils increases the tissue resistance to tensile load, and this results in an increase in stiffness during stretching. Thanks to the polarized nature of the SHG signal, the directionality of the collagen fibrils can be measured as shown in Figure 7 . Noting the ideal case of axially orientated fibrils, this study found the collagen bundles in the vocal folds to be consistently distributed in all directions. However, a higher directionality was expected for the collagen fibrils. 21 A helical distribution of the fibrils in space can account for such variability in the polarization results. The dominant axis of the overall network is parallel to the vocal axis, as suggested by Figure 6A . By incorporating a helical shape and polarization-resolved SHG data like those shown in Figure 7 , one may create a multiscale model of the collagen network.
CONCLUSION
NLSM is an ideal technique for specific sectioning imaging of extracellular matrix proteins in biological tissues because of its ability to image to depths of several hundred micrometers while minimizing the effects of photobleaching. It also removes the masking artifacts produced by surrounding proteins like glycosaminoglycans. The layer-wise morphological information on collagen and elastin may allow clinicians to distinguish between healthy and diseased or abnormal tissues. By using the high-resolution three-dimensional imaging of NLSM, pathological studies would not be limited to examining thin histological sections of vocal folds. Implementation of recent developments in commercial NLSM systems would help laryngologists make rapid and reliable real-time intraoperative and postexcision diagnoses of vocal fold pathology.
